Entanglement of two individual neutral atoms using Rydberg blockade 
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We report the generation of entanglement between two individual *^Rb atoms in hyperfine ground 
states |i^=l, M=l) and |-F=2, M=2) which are held in two optical tweezers separated by 4 ^m. Our 
scheme relies on the Rydberg blockade effect which prevents the simultaneous excitation of the two 
atoms to a Rydberg state. The entangled state is generated in about 200 ns using pulsed two-photon 
excitation. We quantify the entanglement by applying global Raman rotations on both atoms. We 
measure that 61% of the initial pairs of atoms are still present at the end of the entangling sequence. 
These pairs are in the target entangled state with a fidelity of 0.75. 

PACS numbers: 32.80.Rm, 03.67.Bg, 32.80.Pj, 42.50.Ct, 42.50.Dv 



Entanglement is at the heart of our understanding of 
quantum physics. It is useful as a resource for quan- 
tum information processing, as well as quantum metrol- 
ogy [H and can serve for the study of strongly corre- 
lated systems 01 • In the last decades, entanglement 
has been demonstrated in many different systems such 
as photons 0], ions 13], hybrid systems coinposed of an 
atom and a photon [5| , atomic ensembles [a LZI and more 
recently between superconducting qubits [8|]. Entangle- 
ment between two particles can be generated by design- 
ing and manipulating interactions between them, as it 
has been successfully demonstrated with trapped ions [3| . 
It is more difficult to produce entanglement in neutral 
atom systems, due to their weaker interactions. One solu- 
tion, already implemented, makes use of a high-Q cavity 
to mediate the interaction between transient atoms [9[. 
Another recent approach uses ultra-cold atoms in optical 
lattices and s-wave interaction to create entangled states 
of many atoms 0, [nj. In this letter we demonstrate 
a different mechanism to entangle two neutral atoms in 
two hyperfine ground states, based on the Rydberg block- 
ade. This approach has been proposed theoretically as a 
way to perform fast quantum gates [i3,[illli|. Recent 
proposals extended this idea to the generation of various 
entangled states [l^, [l^ . This approach is intrinsically 
deterministic and scalable to more than two atoms. 



The principle of our scheme relies on the Rydberg 
blockade effect demonstrated recently with two single 
atoms 17 , [3l ■ Due to their large electric dipole when 
they are in a Rydberg state |r), atoms a and h interact 



strongly if they are close enough, and the doubly excited 
state |r, r) is shifted by /S.E. As a consequence, a laser 
field coupling a ground state 1 1) and the Rydberg state 
\r) (with Rabi frequency f2|r-) cannot excite both atoms 
at the same time, provided that the linewidth of the ex- 
citation is smaller than Ai?. In this blockade regime, 
the two-atom system absorbs only one excitation and be- 
haves like an effective two- level system [l8'|: the ground 



state I ti T) is coupled to the excited state 



IT,r)), 



(1) 



where k is related to the wave vectors of the excitation 
lasers and Va/b are the positions of the atoms. The cou- 
pling strength between these states is enhanced by a fac- 
tor \/2 with respect to the one between | ]) and \r) for a 
single atom [18] . Thus, starting from ] t, T) i a pulse of du- 
ration 7r/(A/217|r) prepares the state ]4'i). To produce 
entanglement between the atoms in two ground states, 
the Rydberg state \r) is mapped onto another ground 
state ] I) using additional lasers (wave vector k', Rabi 
frequency ^ri) with a pulse of duration 7r/r2ri- This se- 
quence results in the maximally entangled state 



(II. T) 



T,i)), 



(2) 



with (/) — (k — k') • (rb — Tq), assuming that the posi- 
tions of the atoms are frozen (the moving atom case is 
discussed below). If the light fields are propagating in 
the same direction and the energy difference between the 
two ground states is small, k ~ k', we deterministically 
generate a well defined entangled state with <j) — Q which 
is the ]*+) Bell state. 

Our experimental setup is depicted in Fig. [T](a). Two 
^^Rb atoms are held in two optical tweezers separated 
by 4 /im. The interatomic axis is aligned with a mag- 
netic field (_B=9 G), which defines the quantization axis 
and lifts the degeneracy of the Zeeman sublevels. The 
tweezers are formed by two laser beams at 810 nm which 
are sent at a small angle through a microscope objec- 
tive focusing the beams to a waist of 0.9 /^m. Atoms are 
captured from an optical molasses and, due to the small 
trapping volume, either one or no atom is captured in 
each trap [3]. The same objective collects the fluores- 
cence light of the atoms induced by the molasses beams 
at 780 nm. The light coming from each trapped atom 
is directed onto separate avalanche photodiodes (APDs) 
which allows us to discriminate for each trap whether an 
atom is present or not. 
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FIG. 1; Experimental setup (color online), (a) Two atoms are 
held at a distance of 4 fim in two optical tweezers formed by 
focused laser beams at 810 nm (not shown). The fluorescence 
of each atom is directed onto separate avalanche photodiodes 
(APDs). The cr^-polarized 475 nm laser has a waist of 25 fim 
and is directed along the z-axis, the two 795 nm lasers have 
waists of 130 fim, copropagate along the x-axis and have both 
linear polarization, one along the quantization axis, the other 
perpendicular. The 475 nm and 795 nm lasers have powers of 
30 mW and 15 mW, respectively, which correspond to Rabi 
frequencies nB/{2Tv) ~ 25 MHz and nR/{2n) ~ 300 MHz. 
(b) Atomic level structure and lasers used for the excitation 
towards the Rydberg state. The 475 nm laser and the two 
795 nm lasers are tuned to the two photon transitions from 
II) to |r) and from \r) to [J,). 



The relevant levels of ^^Rb are shown in Fig. [IJb). We 
have chosen the Rydberg state \r) = \58d3/2, F=3, M=3) . 
The interaction energy between two atoms in this state 
is enhanced by a Forster resonance [20[ which leads to a 
calculated interaction energy AE/_hjv 50 MHz for a dis- 
tance between the atoms of 4 /im [18| . The ground states 
are | i)= \F=1, M=l) and | '\)^\F=2, M=2) of the 5si/2 
manifold, separated in frequency by 6.8 GHz. To excite 
one atom from \ ]) to \r), we use a two-photon transition 
with a TT-polarized laser at 795 nm and a cr "'"-polarized 
laser at 475 nm. The frequency of the 795 nm laser is 
blue-detuned by (5=600 MHz from the transition from 1 1) 
to (5pi/2, F=2) in order to reduce spontaneous emission. 
The measured Rabi frequency of the two-photon tran- 
sition from I t) to \r) is r2|r/27r w 6 MHz for a single 
atom. We use the same 475 nm laser for the transi- 
tion from \r) to | J,), but a second 795 nm laser, linearly 
polarized perpendicular to the quantization axis, with a 
frequency 6.8 GHz higher to address state | [). The mea- 
sured Rabi frequency for this second two-photon tran- 
sition is ilr|/27r K, 5 MHz. The two 795 nm lasers are 
phase-locked to each other and can also be used to drive 
state rotations on the qubit states | t) and | |) [l^ 



. The atomic state is read out by applying a push-out 
laser beam resonant to the F=2 to F=3 transition of 
the D2-line [2l|, which ejects atoms that are in state | f) 



(or in other Af-states of the F=2 ground level) from the 
trap. Only atoms that are in 1 1) (or in other M-states of 
the F=l level) will stay in the trap and will be detected. 

An experimental sequence starts upon detection of an 
atom in each trap (trap depth 0.5 mK). After turning off 
the cooling beams, we optically pump the atoms in 1 1). 
Afterwards we switch off the dipole trap while we apply 
the excitation and mapping pulses towards the Rydberg 
state and back. The excitation pulse has a duration of 
7r/(-\/2n|r) ~ 70 ns to excite state |5'r). The mapping 
pulse has a duration ir/Vlri « 110 ns. Afterwards the 
trap is turned on again. In order to analyze the produced 
two-atom state, we drive global Raman rotations on both 
atoms (see below) before the push-out laser is applied. 
Subsequently, we record for each trap whether the atom 
is present or not. From the results of 100 experiments 
we extract the probabilities Pa and Pb to recapture an 
atom in trap a or 6, the joint probabilities Pqi and Pio to 
lose atom a and recapture atom h or vice versa, as well 
as probabilities Pn and Pqo to recapture or lose both 
atoms, respectively. 

We are interested in evaluating the amount of entan- 
glement between pairs of atoms present in the traps at 
the end of the entangling sequence. Our state detection 
scheme based on the push-out technique identifies unam- 
biguously any atom a or 6 when it is in state 1 1). How- 
ever, it does not discriminate between atoms in state 1 1) 
and atoms lost during the sequence. In order to count 
the events for which both atoms are present at the end 
of the sequence, we have measured in a separate exper- 
iment the probability to recapture a pair of atoms af- 
ter the excitation and mapping pulse, without applying 
the push-out laser, precap — 0.62(3) (the origin of these 
losses are detailed below). Only these remaining pairs, 
with correlations characterized by the joint probability 
Pii, will be considered for the analysis of entanglement. 
This approach is very similar to the one used in Bell in- 
equality tests with one-way polarizers 2^ 23 1. In these 
experiments, the number of relevant photon pairs is first 
measured by removing the polarizers, and then only one 
qubit state is detected, while the other one is lost. 

We describe the final two-atom state by the density 
matrix p. As a measure of entanglement we use the fi- 
delity F = = (Pit + ni)/2 +Mpihn) with 

respect to the expected 1^'"'") Bell state [2J] (3? denotes 
the real part). The fidelity F characterizes all the pairs 
present before the entangling sequence. However, we are 
interested in the fidelity Ppairs of the sample consisting 
only of the remaining pairs of atoms. In the presence 
of one- or two-atom losses, we have tr(/5) < 1, when re- 
stricting the trace to pairs of atoms still present at the 
end of the entangling sequence. In this case the fidelity 



Ppairs is defined by Ppa 



P/tr(p). 
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The global Raman rotation allows us to extract from 
Pii all relevant diagonal and ofF-diagonal elements of p 
necessary to quantify the amount of entanglement. A 
Raman laser pulse of duration Rabi frequency | and 
phase if rotates the state of each atom according to 1 1) ~^ 
cos § I T) + ie*'^ sin 1 1 i) , and I i) ^ i e-"^ sin § 1 1) +cos § | i) 
with 9 = f2|| t. The two atoms are exposed to the same 
laser field and undergo a rotation with the same angles 
and ip. In our experiment the phase ip of the Raman 
pulse varies randomly from shot-to-shot over 27r and con- 
sequently our measurement results are averaged over Lp. 
We calculate the expected values, averaged over tp, of 
Pa/b{(^) E^nd Pii{0) as a function of the matrix elements 
of p and compare the expressions with the measurement 
results. When averaging over ip, all off-diagonal elements 
of p cancel in the observables we measure, apart from the 
relevant coherence Pii^n- 

The mean value of Pa/b (0) is related to the probability 
to lose atoms a and b, respectively, after the excita- 
tion and mapping pulse. From {Pa/b{0)) = \[^—La/b) we 
find La = Lf, = 0.22(1). Assuming independent losses for 
atoms a and b we find the probability to lose at least one 
of the two atoms I/totai = La + Lb — LaLb = 0.39(2), 
which is confirmed by the recapture probability of a 
pair of atoms after the excitation and mapping pulse 
Procap — 0.62(3) quoted above. Most of these losses are 
related to the fact that an atom left in the Rydberg state 
is lost, since it is not trapped in the dipole trap. Using 
a model, we identify the following mechanisms. Firstly, 
spontaneous emission from the 5pi/2 state populates the 
state 1 1) from which ~ 7 % of the atoms get excited to 
the Rydberg state by the mapping pulse [29|. Secondly, 
intensity fiuctuations (5 %) and frequency fluctuations 
(3 MHz) of the excitation lasers reduce the efficiency of 
the mapping pulse so that ~ 7 % of the atoms will not 
be transferred back from the Rydberg state to | j). Inde- 
pendent of the Rydberg excitation, we measured losses 
during the time the trap is switched off (~ 3%) as well 
as errors in the detection of the presence of the atom 
(~ 3%). 

The measurement result of Pii{d) is shown in Fig. [2l 
Ideally we expect i^ii(^) to oscillate between and 1/2 
with frequency 2r2f| when varying the pulse duration 
t. We observe indeed oscillations with frequency 20.^1, 
but also oscillations with frequency which have an 
amplitude (P|| — P||)/2. From the data we extract 
Pll = -Pii(O) and P|| = Pii(7r). Combining the value 
of the total losses Ptotai and the normalization condi- 
tion we get P-^i + Pxf. The mean value (Pii(0)) = 

(Pn+PTx+3Pu + 3PTT-F25R(p^T,Ti))/8 yields 5i(pxT,Ti). 
Table U summarizes the complete information about the 
density matrix p one can extract from global Raman ro- 
tations without control of ip. 

Our analysis allows us to calculate the fidelity Ppairs 
of the sample consisting only of the 61% remaining pairs 
of atoms with respect to l^*^). Using F = 0.46 and 
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FIG. 2: Measured probability Pii{0) to recapture the two 
atoms at the end of the entanglement procedure, followed by 
a Raman pulse on both atoms for different pulse durations. 
The data are fitted by a function of the form yo + A cos ilut + 
B cos 2Q^ it, according to the discussion in the text. The error 
bars on the data are statistical. 



Matrix elements 


Experimental values 


Pii, 11 = Pll 


0.06 ± 0.02 


ptt.tt = At 


0.09 ± 0.02 


Pll, a + Pii,ii = Pii + Pll 


0.46 ± 0.03 


^iPii,ii) 


0.23 ±0.04 



TABLE I: Measured values of the density matrix elements 
characterizing the state prepared in the experiment extracted 
from Pii{6). The error bars are statistical. Note that tr{p) = 
0.61 because of the loss I/totai = 0.39(2) from the qubit states. 



tr(p) = 0.61(« Prccap) as deduced from Table U we find 
Ppairs = 0.75(7) revealing the quantum nature of the ob- 
served correlations. We emphasize that Ppairs is the fi- 
delity of the atom pairs, which are present in the two 
traps before the state measurement. It is therefore the 
amount of useful entanglement since it can be used for 
subsequent quantum information protocols with pairs of 
atoms. It is also the fidelity we would measure if we had 
a detection scheme that could discriminate the internal 
states of an atom which does not rely on expelling the 
atom from the trap. 

We identify two mechanisms lowering the fidelity Ppairs 
with respect to the ideal case. Firstly, an imperfect Ryd- 
berg blockade which leads to_the excitation of the two 
atoms (probability ~ 10% ^ISj) and their subsequent 
mapping to the state | i, i), leading to a non-zero compo- 
nent of Pll- Secondly, the excess value of P|| is explained 
by spontaneous emission and imperfect Rydberg excita- 
tion. 

To confirm our results we analyze the signal 11(6') = 
Poo + Pll — Poi — Pio which is shown in Fig. [3] as a 
function of the Raman rotation angle 9. The signal 
Tl{0) is equal to the parity [2^ when there are no atom 
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FIG. 3: Measured signal 11 for different durations of the 
analysing Raman pulse. The data are fitted by a function 
of the form yo + A cos flfit + B cos 2f2||f as discussed in the 
text. The error bars on the data are statistical. 



losses, then identifying a loss (0) with state | t) and a 
recapture (1) with state | [). For the maximally en- 
tangled state given by Eq. [51 the parity oscillates be- 
tween — 1 and with a frequency of 2f2||, while here 
the observed 11(0) oscillates at two frequencies, ^l^i and 
2Q||. The oscillation with Vl^i can be assigned to events 
where one of the atoms is lost, while the oscillation with 
2f2|| can be attributed to cases where both atoms are 
present before the state detection. Then we calculate 
n(7r/2) = 23?(piui) -f LaLb, from which we can deduce 
the coherence. We find ^{pi^,Ti) — 0.22(4), which is in 
good agreement with the analysis described above, and 
shows once more the consistency of our data analysis. 

So far we have neglected the influence of the atomic 
motion on the fidelity of the entangled state by assum- 
ing frozen motion of the atoms during the sequence. 
From an independent release and recapture experiment 
we measure a temperature of the atoms in the traps of 
T =60 fiK [26|. Consequently, when the dipole trap is 
switched off during the entanglement sequence of dura- 
tion 6t, the atoms move in free flight. Hence, the phase 
in Eq.[2]is now (j) — k - {vb — 'Va)St, assuming k = k', with 
Va/b the velocity of the atoms. The phase (j) fluctuates 
from shot-to-shot and the entanglement degrades with 
the strength of the fluctuations towards a mixed state. 
A simple model where we average the phase factor over 



the thermal velocity distribution yields (e 



i0\ 



with Ac/) = 



2kBT 
M 



k|(5t, where M is the mass of the 



atom, and fc^ is the Boltzmann constant. For our short- 
est entangling sequence (pulse duration 70 ns and 110 ns, 
respectively, with 30 ns delay between the pulses) , we cal- 
culate (e*"^) = 0.94, resulting in a theoretical maximum 
fidelity F^ax = 0.97. 

We repeated the experiment with a separation of the 
excitation and mapping pulse of 600 ns. Following the 
procedure described above, we extract a decrease of 



^(PiT.Ti) by ^ factor of 0.5 with respect to the case with 
30 ns separation between the two pulses. This factor is in 
agreement with the theoretical value (e"^) ~ 0.45 given 
by our simple model. This indicates that the fidelity 
is ultimately limited by the residual temperature of the 
atoms, although this is presently not the main limiting 
factor. 

In conclusion, we have demonstrated the entanglement 
of two atoms using the Rydberg blockade. The 61% pairs 
of atoms remaining at the end of the sequence are in a 
state with a fidelity 0.75(7) with respect to the expected 
showing the non-classical origin of the correlations. 
Future work will be devoted to the measurement of the 
coherence time of the entangled state, as well as the im- 
provement of the fidelity and the state detection scheme. 
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